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RÉSUMÉ 
La gestion alternative des eaux pluviales requiert de pouvoir prédire le comportement hydrologique 
des toitures végétalisées. Idéalement, la prédiction de cette réponse devrait être effective pour toute 
toiture, en tout lieu. Des recherches antérieures ont déjà prouvé que l’écrêtement des débits d’une 
toiture végétalisée peut être modélisée par un reservoir routing ne nécessitant qu’un seul paramètre, 
jusqu’à présent identifiable à partir de données pluie-débit existantes. Cet article présente une relation 
empirique entre ce paramètre et un coefficient standardisé fourni par la FLL. Cette relation signifie qu’il 
est envisageable de prédire le comportement d’une toiture végétalisée sous des conditions arbitraires 
seulement à partir de ce coefficient caractéristique. La relation k=a·Cb, où k est le paramètre et C le 
coefficient standard, a été trouvée à partir de données récoltées sur le terrain et de mesures 
effectuées en laboratoire. Les comportements modélisés à partir du reservoir routing avec le 
paramètre kdesign sont similaires à ceux mesurés (Rt²=0.783).  
 
ABSTRACT 
The prediction of green, or vegetated, roof behaviour is required by engineers for stormwater 
management. Ideally this prediction should be effective for any green roof, under any rainfall. Previous 
research has already proven that a green roof detention response can be modelled by reservoir 
routing using one parameter, so far identifiable from monitored rainfall-runoff data. This paper presents 
a design relationship between the roof-specific reservoir routing parameter and a standardised runoff 
coefficient provided by the FLL. This relationship means it is conceivable to predict the behaviour of 
green roofs under any arbitrary rainfall from only this performance standard. The relationship, k=a·Cb, 
where k is the routing parameter and C the coefficient of discharge, is determined from monitored field 
data and laboratory tests over fourteen different test beds. Modelled detention responses obtained 
from the reservoir routing with the parameters kdesign, derived from the relationship, are similar to the 
monitored ones (Rt²=0.783). 
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1 INTRODUCTION 
Sustainable Drainage Systems (SuDS) are being increasingly adopted in new construction and 
urbanisation projects due to their effective and efficient management of storm water. The principle 
aims of SuDS schemes are to improve water quality, manage flood risk and enhance the amenity of 
the project. Green roof technology is one such SuDS that has huge potential to significantly improve 
storm water management directly at the source. One advantage of green roofs over other SuDS is the 
potential to retrofit them on to existing structures. The hydrological benefits of a green roof have 
previously been reviewed by numerous different authors (Berndtsson, 2010, Carter and Rasmussen, 
2007). A green roof comprises three distinct layers to effectively manage the incoming rainfall; 
vegetation, substrate and drainage layers. The major benefits of green roof technology are the ability 
to both detain peak runoff flows and retain a proportion of inflow, making them ideal for storm water 
management in urbanised areas. Figure 1illustrates the typical behaviour of a green roof. 
 
 
Figure 1. Schematic illustration of green roof behaviour 
  
The definition of detention performance of a green roof is the ability to delay and reduce the peak 
runoff with respect to inflow rainfall. One of the most important aspects in the modelling of a green roof 
response is the ability to accurately describe this detention characteristic. Research into modelling 
techniques has been carried out by a number of authors employing different methods: e.g. modified 
Puls routing (Jarrett et al., 2007), unit-hydrograph models (Villarreal and Bengtsson, 2005), computer 
models such as HYDRUS-1D (Hilten et al., 2008) and conceptual and mechanistic models (Palla et 
al., 2012). However it is generally accepted that the reservoir routing method (Kasmin et al., 2010, 
Stovin et al., 2012, Stovin et al., 2015) provides the most suitable description of detention 
characteristics given its ease of parameter identification. Unfortunately, green roof technology is not 
expanding as quickly and as widespread as desired, partly due to the reduced knowledge of their 
stormwater management ability outside of the academic community, but also because of the lack of 
appropriate hydrological modelling tools. 
In industrial practice, the only parameter supplied by green roof developers to describe the 
detention ability is a generic coefficient of discharge, also known as the C-coefficient, as defined by 
the Forschungsgesellschaft Landschaftsentwicklung Landschaftsbau (FLL) standard detention tests 
(FLL, 2008). This coefficient is obtained from the cumulative runoff and the cumulative input rainfall as 
described further in section 2.2. This value, however, has no specific meaning with respect to a real 
life storm event and does not relate to the actual behaviour of the green roof system, though its benefit 
is recognised due to its standardised approach. Current green roof rainfall-runoff modelling methods 
do not utilise the C-coefficient as an input parameter, and instead require calibration using specific 
rainfall events. Given the standardised aspect of the C-coefficient, it is of great interest to relate this 
value to model parameters in order to globalise the modelling process.  
The objective of this paper is, therefore, to establish a relationship between the C-coefficient and 
reservoir routing parameters that may be used to predict the roof’s response to an arbitrary rainfall 
event. The key steps involve: (i) obtaining both the C-coefficient and appropriate reservoir routing 
parameter(s) for a range of green roof test beds; and (ii) the derivation of a relationship between the 
C-coefficient and the reservoir routing parameter(s). 
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2 METHODS 
Figure 2 summarises the process leading to this generic relationship, giving kdesign values from any 
C-coefficient provided with a green roof or Cdesign values from any green roof response. 
 
Figure 2. Flow chart to summarise the research methodology 
 
2.1 Experimental Setup 
Experiments were undertaken on fourteen test beds, in both laboratory and field conditions.The 
first nine test beds are located on the roof of the Hadfield Building (Stovin et al., 2015) of the University 
of Sheffield (UK). The experiment was conducted by the Green Roof Centre and data were collected 
from April 2010 to September 2012. The test beds are 3 m long by 1 m wide, installed with a 1.5° 
slope and vary in their substrate composition as well as in their vegetation type. The test beds consist 
of an impervious plastic tray base, a drainage layer, a filter sheet and a substrate layer (80 mm). Two 
substrates manufactured by Alumasc were used: one termed Heather with Lavender Substrate (HLS), 
the other Sedum Carpet Substrate (SCS). A third type of substrate, custom made from the widely used 
Lightweight Expanded Clay Aggregate (LECA), was used on test beds 3, 6 and 9. The test beds were 
vegetated with three different type of vegetation: sedum, meadow flower or no vegetation. A summary 
of the different test beds is presented in Table 1. 
Table 1. Composition of the 9 Hadfield test beds 
 
Rainfall was measured at one minute intervals using a 0.2 mm tipping bucket rain gauge (ARG-100 
from Environmental Measures, Ltd). Runoff was measured with Druck Inc. PDCR 1830 pressure 
transducers contained in collection tanks located beneath the test beds and recorded at one minute 
intervals. For the detention model development, the real rainfall, collected on the Hadfield Building, 
was converted into net rainfall by subtracting the monitored retention (total rainfall minus total runoff) 
from the start of the rainfall profile (see Figure 3). Thus retention is considered equal to the difference 
between the total amount of rain and the total runoff. Furthermore, rainfalls with depths P < 2 mm were 
excluded from the analysis, assuming that an impervious roof surface would retain up to 2 mm in initial 
losses (Voyde et al., 2010), just as storm events with runoff R < 2 mm are excluded (Stovin et al., 
2015). 
Test bed 1 2 3 4 5 6 7 8 9 
Substrate HLS SCS LECA HLS SCS LECA HLS SCS LECA 
Vegetation Sedum Sedum Sedum Meadow flower 
Meadow 
flower 
Meadow 
flower - - - 
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Figure 3. Treatment applied to find the net rainfall 
Test bed 10 contains a substrate layer (100 mm) of a proprietary mix containing 85% ZinColit+, 
10% compost and 5% coir, a filter sheet and a drainage layer over a protection mat manufactured by 
ZinCo. This system was built into a 5 m² rainfall simulator used at a channel slope of 1.15°. Five 
rainfall profiles, of 60 minutes duration, were tested three times each. Three rainfall simulations of 
constant intensity were applied: 0.3 mm/minute constant intensity; 0.6 mm/minute constant intensity; 
1.2 mm/minute constant intensity; as well as two specific rainfall events: 1-in-10 year 75% summer 
storm for Sheffield (UK) of total depth 21.94 mm; and 1-in- 100 year 75% summer storm for Sheffield 
(UK) of total depth 44.81 mm (Vesuviano and Stovin, 2013). The rainfall is supplied by three networks 
of pressure compensating drippers, aligned to square grids, each with a different nominal intensity 
(0.3, 1.2 and 4.8 mm/minute). Runoff is collected in a vertically standing DN 315 drain pipe (British 
Standards Institution) with a capped bottom. The depth of water in this pipe is recorded at 1-second 
intervals by a Druck PTX 1730 pressure transducer from GE Sensing. The last four sample test beds – 
11, 12, 13 and 14 – are also provided by ZinCo GmbH. These roofs have different substrates whose 
composition remains confidential. Test bed 11 contains a drainage and water retention protection mat 
with attached filter sheet. The three other test beds possess a drainage layer composed of separate 
elements:  a filter sheet, a drainage and water storage element and a fibre mat. The depths for test 
beds 11 to 14 range from 70 mm to 250 mm. These four test beds were not subjected to any time-
varying rainfall inputs, only to the standardised FLL test, as described below. 
 
2.2 FLL Test Description 
The FLL test is a standardised test which leads to the determination of the generic C-coefficient. An 
initial wetting is implemented before the FLL test to reach field capacity. The FLL test was designed 
with German requirements for stormwater management and consists of applying a constant rainfall 
intensity of 1.8 mm/min for 15 minutes. The values of the input rainfall and the runoff are given for a 
one minute time-step and the C-coefficient is calculated for the time-step equal to 15 minutes: 
15
15
rainfall volume Cumulative
runoff volume Cumulative
=C
 
 
Figure 4. Sketch – C-coefficient  for a possible response to an FLL test applied on a 5 m² test bed 
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Tests reproducing the FLL conditions were conducted on the Hadfield test beds (test beds 1 to 9) 
and the ZinCo test beds (test beds 11 to 14). The beds were wet until the field capacity was reached, 
then an inflow of 1.8 mm/min was applied during 15 minutes, i.e. inflows of 81 L over the 3 m² of the 
Hadfield test beds and 135 L over the 5 m² of the rainfall simulator used by ZinCo (Figure 4). This was 
achieved by moving a hose regularly over the surface of the Hadfield test beds to reproduce the 
rainfall and with a rainfall simulator (Vesuviano and Stovin, 2013) for the ZinCo test beds. These tests 
gave values of C which have been compared to the simulated values Csim obtained from the reservoir 
routing model presented in Section 2.3. 
 
2.3 Modelling Methods: Reservoir Routing Model 
The reservoir routing method has been previously used to model the detention performance of 
green roofs and is shown to be the most simple and accurate model to represent this behaviour 
(Kasmin et al.,2010). The method is based on the principle that inflow, outflow and storage comprise 
the conservation of mass principle, described by:  
I – O = ∆S/∆t (1) 
where I is the inflow to the reach, O the outflow from the reach, ∆S the change in storage within the 
reach, and ∆t the time increment. Jarrett and Berghage (2008) introduced the modified Puls routing 
and applied it to green roofs. This method utilises the simple concept that the storage is a function of 
outflow, by using a non-linear reservoir routing: 
Qout,t=k·ht-1n (2) 
where Qout,t is the outflow (mm/min), k (mm(1-n)/min) and n (dimensionless) are the reservoir routing 
parameters and ht (mm) is the depth of water stored within the substrate. The continuity equation is 
then solved for each step-time under the form: 
ht = ht-1 + Qint,t·∆t - Qout,t·∆t (3)  
where Qint,t is the inflow (mm/min), Qout,t is the outflow (mm/min), ∆t is the time step and ht (mm) is 
the depth of water stored within the substrate. This method assumes that the [k; n] parameters are 
unique for each test bed, and that they can be identified from monitored rainfall/runoff records. The 
parameter n was fixed equal to 2 as previously proposed by Kasmin et al. (2010) to allow focus on the 
k-parameter. The parameter identification was then implemented using MATLAB optimisation tool 
lsqcurvefit. For each storm, the best-fit value for k was identified and the final optimised value for each 
test bed was chosen as the number that gave the coefficient of determination value Rt² closest to 1. 
The coefficient of determination Rt² is defined by: 
∑
∑
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where tobsQ  is the observed runoff and toutQ  is the routed runoff (Young et al.,1980). For each test 
bed, the median value of k over all analysed events was calculated. From these k values the 
behaviour of the test beds under any rainfall can be computed, including a FLL test as a rainfall input. 
These simulations, i.e inflow of 1.8 mm/min for 15 minutes, were undertaken to obtain a simulated 
value of the C-coefficient, Csim, and to compare it to the observed C. This comparison validates again 
the use of the reservoir routing model and a relationship between the parameter k and the 
standardised C-coefficient is found with the pairs [k; C]. 
 
3 RESULTS AND DISCUSSION 
3.1 Relationship between Simulated Parameters and Coefficients 
The reservoir routing model was successfully applied to the data obtained in the laboratory with the 
FLL test input. Figure 5 presents the results for test bed 11 and 14 as these have the most different 
physical characteristics: test bed 11 has the thinnest substrate layer and a high value of the C-
coefficient whereas test bed 14 has the thickest substrate height and a low C-coefficient. Reservoir 
routing fits particularly well for test bed 11 detention behaviour with a value of the coefficient of 
determination close to 1 (Rt²=0.985). The fit is less good for test bed 14, though a fairly good level of 
accuracy is achieved (Rt²=0.778) (Table 2). 
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       Table 2. Best-fit k parameter for test bed 11 and 14 – Comparison between C and Csim 
 
k (mm(1-n)/min) Rt² C Csim (C- Csim)/C C- Csim 
11 0.048 0.985 0.564 0.617 -9.40% -0.053 
14 0.00018 0.778 0.00784 0.0813 -937% -0.0739 
 
 
 
Table 3. Best-fit k (mm(1-n)/min) - C obtained from FLL tests 
Test bed 1 2 3 4 5 6 7 8 9 
k 0.0061 0.0055 0.0065 0.0071 0.0066 0.012 0.013 0.0094 0.018 
C 0.631 0.585 0.643 0.682 0.636 0.84 0.718 0.648 0.759 
Test bed 10 11 12 13 14 
    
k 0.0045 0.0048 0.0041 0.0021 0.00018     
C  0.583 0.587 0.441 0.0784     
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Figure 5. Reservoir Routing - Test bed 11 (left) and test bed 14 (right) 
a. Cumulative flows b. Zoom in time c. Time-series flows 
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The comparison between observed and simulated values of C proves the ability of the reservoir 
routing model to provide values of Csim representative of the test bed behaviour (Table 2), which adds 
to the validity of the model. All optimised values of the parameter k were calculated and the ensuing 
reservoir routing was applied to all events recorded on the fourteen test beds, providing mean values 
of the coefficient of determination Rt² close to 1, all contained between 0.732 and 0.990 (Table 5) 
(mean Rt²=0.837). Best-fit k values for test beds 1 to 9 are of the same order of magnitude as those 
previously found by Stovin et al. (2015) (Table 3). The independent pairs [C; k] were plotted (Figure 6) 
and fitted by a power relationship with two parameters, with a coefficient of determination close to 1 
(Rt²=0.940): 
k = a·Cb where a = 0.0211 mm(1-n)/min and b = 2.695 (5) 
 
Figure 6. Curve fitting: relationship between k and C – k = a⋅Cb 
3.2 Validation  
Values of the k-parameter kdesign were calculated using Equation 5 and C derived from the FLL 
tests. These kdesign values are close to the best-fit k, with relative differences between kdesign and k 
below 27% for values of k between 0.002 and 0.013. The behaviour of test beds 1 to 9 was modelled 
with these kdesign values for the available rainfall-runoff data with a good accuracy (mean Rt²=0.783) 
(Table 5). Figure 7 shows that the routed runoff fits the behaviour of the green roof well when 
compared to the observed runoff. However, results for the intensive test bed 14, i.e. with a substrate 
depth > 150 mm as defined by Mentens et al. (2006), indicate that the relationship needs to be 
reconsidered for test beds with low C. 
 
Table 4: Comparison between k and kdesign  
Test bed 1 2 3 4 5 6 7 8 9 
kdesign 0.0061 0.0050 0.0064 0.0075 0.0062 0.013 0.0086 0.0065 0.010 
Relative error in k  0,0% 7,4% -1,6% -8,7% 13,9% -8,3% 28,9% 27,0% 44,4% 
Test bed 10 11 12 13 14 
    
kdesign  0.0049 0.0050 0.0023 0.000022     
Relative error in k  
 -2,1% -22,0% -9,5% 87,8%     
 
Table 5. Coefficients of determination Rt² for k and kdesign 
Test bed 1 2 3 4 5 6 7 8 9 
Rt² - k 0.796 0.812 0.759 0.799 0.752 0.797 0.757 0.732 0.815 
Rt² - kdesign 0.796 0.802 0.759 0.799 0.744 0.795 0.757 0.732 0.766 
Test bed 10 11 12 13 14 
    
Rt² - k 0.990 0.985 0.982 0.969 0.778     
Rt² - kdesign  0.984 0.981 0.966 0.302     
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4 CONCLUSIONS 
A one parameter reservoir routing model for green roof rainfall-runoff behaviour, based on values 
of the C-coefficient obtained from standardised FLL tests, was evaluated and fitted to rainfall-runoff 
profiles from both monitored field data and laboratory tests. FLL tests undertaken on thirteen test beds 
gave values of the standardised coefficient C, which helped determine the relationship between 
routing parameter k and C, whereby k=a·Cb (a=0.0211 mm(1-n)/min; b=2.695). This relationship was 
validated against real rainfall-runoff data, offering the possibility to predict with accuracy (mean 
Rt²=0.783) green roof detention behaviour from only the standardised coefficient C and its related k. 
This relationship developed between the standardised coefficient provided by roof manufacturers and 
a generic model parameter has the potential to enhance the systematic introduction of green roof 
technology in sustainable design. Future research could further improve this relationship and also 
evaluate its limitations in engineering applications, in particular for intensive green roofs. 
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